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ABSTRACT
Given a flurry of recent claims for systematic variations in the stellar initial mass function (IMF),
we carry out the first inventory of the observational evidence using different approaches. This includes
literature results, as well as our own new findings from combined stellar-populations synthesis (SPS)
and Jeans dynamical analyses of data on ∼ 4500 early-type galaxies (ETGs) from the SPIDER project.
We focus on the mass-to-light ratio mismatch relative to the Milky Way IMF, δIMF, correlated against
the central stellar velocity dispersion, σ⋆. We find a strong correlation between δIMF and σ⋆, for a
wide set of dark matter (DM) model profiles. These results are robust if a uniform halo response
to baryons is adopted across the sample. The overall normalization of δIMF, and the detailed DM
profile, are less certain, but the data are consistent with standard cold-DM halos, and a central DM
fraction that is roughly constant with σ⋆. For a variety of related studies in the literature, using SPS,
dynamics, and gravitational lensing, similar results are found. Studies based solely on spectroscopic
line diagnostics agree on a Salpeter-like IMF at high σ⋆, but differ at low σ⋆. Overall, we find that
multiple independent lines of evidence appear to be converging on a systematic variation in the IMF,
such that high-σ⋆ ETGs have an excess of low-mass stars relative to spirals and low-σ⋆ ETGs. Robust
verification of super-Salpeter IMFs in the highest-σ⋆ galaxies will require additional scrutiny of scatter
and systematic uncertainties. The implications for the distribution of DM are still inconclusive.
Subject headings: galaxies: evolution — galaxies: general — galaxies: elliptical and lenticular, cD
1. INTRODUCTION
The stellar Initial Mass Function (IMF) is fundamen-
tally important to understanding both stellar popula-
tions and galaxies. The Milky Way (MW) IMF was orig-
inally characterized as a power-law mass-distribution,
dN/dM ∝M−α, with α ∼ 2.35 (Salpeter 1955), and sub-
sequently refined to flatten at lower masses (M
∼
< 0.5M⊙;
Kroupa 2001; Chabrier 2003).
Whether or not the MW IMF describes stellar pop-
ulations elsewhere in the Universe cannot yet be said
through direct star counts. There have been some in-
direct observational hints of IMF variations, and ample
theoretical motivation for these, but no broadly convinc-
ing evidence has emerged (cf. Bastian et al. 2010).
This situation has recently changed, with a flurry of
studies of early-type galaxies (ETGs) turning up indi-
rect evidence for systematic IMF variations. These stud-
ies use models of stellar population synthesis (SPS) to
fit integrated-light data (broad-band colors and spec-
troscopic features), and fall into two broad categories:
“pure” SPS, and “hybrid” SPS+gravitating mass analy-
ses.
The pure analyses rely on spectral lines that are dif-
ferentially sensitive to giant or dwarf stars. These in-
clude the TiO feature at 6130 A˚, the Na I doublet near
8190 A˚, the Ca II triplet near 8600 A˚, the Wing–Ford
[Fe/H] band at 9915 A˚, and the Ca I line at 10345 A˚
(e.g., Cenarro et al. 2003; van Dokkum & Conroy 2010;
Spiniello et al. 2012; Conroy & van Dokkum 2012, here-
after CvD12; Ferreras et al. 2012; Smith et al. 2012).
∗
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The hybrid analyses assume an IMF and infer a stellar
mass-to-light ratio Υ⋆ using a more conventional SPS ap-
proach based on colors, and age- and metallicity-sensitive
spectral lines. Estimates of Υ⋆ are also derived us-
ing dynamics or gravitational lensing. Comparison of
the independent results then yields a revised IMF (e.g.,
Cappellari et al. 2006, 2012a,b; Ferreras et al. 2008;
Tortora et al. 2009, 2010; Grillo & Gobat 2010; Grillo
2010; Treu et al. 2010; Napolitano et al. 2010, 2011;
Auger et al. 2010; Thomas et al. 2011; Spiniello et al.
2011; Dutton et al. 2012b,a; Sonnenfeld et al. 2012;
Wegner et al. 2012; Tortora et al. 2012).
One may characterize a revised IMF through its Υ⋆
relative to a MW-disk IMF, δIMF ≡ Υ⋆/Υ⋆,MW (the
“mismatch parameter”), where for reference we adopt
the Chabrier IMF. Remarkably, almost all the above
studies found “heavy” IMFs (δIMF ≫ 1) for the most
massive ETGs. Less massive ETGs, and spiral galaxies,
appear to have “normal/light” IMFs (δIMF ∼< 1; e.g.,
Bell & de Jong 2001; Bershady et al. 2011; Suyu et al.
2012; Brewer et al. 2012) and the bulge components of
spirals may also have a similar mass dependence to
ETGs (de Blok et al. 2008; Ferreras et al. 2010, F+10;
Dutton et al. 2012c, D+12c).
These IMF findings are both potentially revolutionary,
and highly controversial, and demand further investiga-
tion. In particular, with hybrid analyses there are linger-
ing questions about degeneracies associated with the dis-
tribution of non baryonic dark matter (DM). The time
is also ripe to inventory the results to date, and see if
the apparent emerging consensus holds up under quan-
titative, systematic comparison – which could provide
pressing motivation for understanding the physical ori-
2 Tortora et al.
gins of the trends. Comparisons were made for some hy-
brid analyses (Thomas et al. 2011; Dutton et al. 2012a;
Wegner et al. 2012), but nor for the pure SPS work.
In this Letter we carry out such an inventory, while
presenting our own novel results for a large sample of
ETGs for reference, following the dynamical+SPS anal-
yses of Tortora et al. (2012, hereafter T+12). We focus
on the trends in δIMF with central stellar velocity disper-
sion, σ⋆, and discuss some implications for the central
DM fraction. σ⋆ is widely considered as crucially con-
nected to galaxy evolution, and unlike Υ⋆, is relatively
independent of the bandpass, and of δIMF.
We describe our data and analysis methods in Sec-
tion 2. We present our results in Section 3 and make
literature comparisons in Section 4. We summarize the
conclusions and outlook in Section 5.
2. DATA AND ANALYSIS METHODS
We apply a combination of SPS and stellar dynami-
cal models to a sample of ∼ 4500 giant ETGs, in the
redshift range of z = 0.05–0.1, drawn from the SPI-
DER project (La Barbera et al. 2010b). Our data in-
clude optical+near-infrared photometry [from the Sloan
Digital Sky Survey (SDSS) and the UKIRT Infrared
Deep Sky Survey-Large Area Survey]1, high-quality mea-
surements of galactic structural parameters (effective ra-
dius Re and Se´rsic index n), and SDSS central-aperture
velocity dispersions σAp. The sample galaxies are de-
fined as bulge dominated systems with passive spectra
while late-type systems are efficiently removed through
the SDSS classification parameters based on the spectral
type and the fraction of light which is better described
by a de Vaucouleurs (1948) profile (see T+12 for fur-
ther details). The structural parameters are measured
using 2DPHOT (La Barbera et al. 2008) and are found
to be significantly different from the SDSS estimates
(La Barbera et al. 2010b). The sample is 95% complete
at a stellar mass ofM⋆ = 3×10
10M⊙, which corresponds
to σAp ∼ 160 km/s.
The SPS-based Υ⋆ values were derived by fitting
Bruzual & Charlot (2003) models to the multi-band pho-
tometry, assuming a Chabrier IMF. These results have
been shown to be consistent with independent literature
(e.g., MPA masses in Dutton et al. 2012a), while possible
systematics in stellar mass (M⋆) estimates are discussed
in Swindle et al. (2011) and T+12. Despite the well
known age-metallicity degeneracies in photometric data,
these conspire to keep the stellar mass-to-light ratio well
constrained, with scatter of 0.05− 0.15 dex. The agree-
ment is also excellent when our colour derived masses
are compared with spectroscopic estimates. The largest
systematical uncertainty in our analysis comes from our
ignorance on the IMF shape, which can produce vari-
ations of the stellar M/L of a factor as large as ∼ 2.
For this reason IMF is a key issue in stellar population
analysis and the central topic of this paper.
Our dynamical-mass estimates use spherical isotropic
Jeans equations fitted to the σAp data. We also extend
the T+12 analysis using two-component mass models:
a Se´rsic-based stellar distribution following the K-band
light, and a standard DM profile. For the latter we adopt
a series of plausible assumptions (cf. Cappellari et al.
1 http://www.sdss.org, http://www.ukidss.org
0.2
0.3
0.4
lo
g
R
Ap
k
pc
10.5
11.0
11.5
lo
g
M
*
M

0.5
1.0
lo
g
R
e
ff
kp
c
2.0 2.2 2.4
log ΣApHkmsL
0.6
0.8
1.0
lo
g
n
Fig. 1.— Galaxy sample properties, binned by velocity disper-
sion: physical aperture radius, SPS-based stellar mass (Chabrier
IMF), effective radius, and Se´rsic index. The points and error-bars
show the medians and 25–75 percentile scatter.
2012a), as the data do not allow us to constrain both
components simultaneously.
Our DM models are based on the Navarro et al.
(1996, hereafter NFW) profile, with an adjustable degree
of baryon-induced adiabatic contraction (AC). For the
virial mass and concentration (Mvir, cvir), we adopt mean
trends for a WMAP5 cosmology (Maccio` et al. 2008),
for the Mvir–M⋆ relation we used Moster et al. (2010,
M+10 hereafter). Each galaxy’s mass model then has
one free parameter, Υ⋆, plus optional AC (Gnedin et al.
2004, G+04 hereafter), providing our no-AC-NFW and
AC-NFW base-models.
We explore the sensitivity of our results to these
assumptions by doing the analyses with the follow-
ing alternatives: a) AC recipes of varying strengths
(Blumenthal et al. 1986, B+86; Abadi et al. 2010,
A+10); b) Mvir with a fixed value for the entire sam-
ple: Mvir = 10
12M⊙, 10
13M⊙, or 10
14M⊙; c) WMAP3-
based cvir–Mvir relation (Maccio` et al. 2008); d) no DM
is present; e) mild kinematic anisotropy, with β = −0.2
or +0.2; f) cvir–Mvir relation altered to mimic a warm
dark matter (WDM) cosmology, assuming different par-
ticle masses (Schneider et al. 2012, S+12a hereafter).
To study the mean trends of Υ⋆ with velocity disper-
sion, we construct “average” galaxies by dividing our
sample into 10 σAp-bins, for which we compute median
values of M⋆, Re n, RAp, and σAp. We show these val-
ues, and their 25–75 percentile scatter, in Figure 1. For
each σAp-bin and a given DM model, we solve the ra-
dial Jeans equation for the Υ⋆ value which matches the
observed σAp.
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TABLE 1
Best-fit parameters for the relation
log δIMF = a+ b log
σe
200 km/s
, for model suite (see main text).
Model a b
Mvir–M⋆(M+10) 0.18 0.86
Mvir–M⋆(M+10) + AC (G+04) 0.11 1.07
Mvir–M⋆(M+10) + AC (A+10) 0.16 0.93
Mvir–M⋆(M+10) + AC (B+86) 0.04 1.29
Mvir = 10
12M⊙ 0.19 0.88
Mvir = 10
13M⊙ 0.18 0.97
Mvir = 10
14M⊙ 0.16 1.09
Mvir–M⋆(M+10) - WMAP3 0.18 0.85
no DM 0.21 0.79
β = +0.2 0.17 0.87
β = −0.2 0.19 0.88
CDM (S+11) 0.17 0.90
mWDM = 1keV (S+11) 0.18 0.88
mWDM = 0.5 keV (S+11) 0.18 0.84
mWDM = 0.25 keV (S+11) 0.19 0.80
Our final analysis-products, for each galaxy bin and
mass model, will be the SPS-determined Υ⋆,MW, the
dynamically-determined Υ⋆, the inferred δIMF, and the
inferred central DM-fraction, fDM ≡ 1 − Υ⋆/Υdyn. For
homogeneity, we convert σAp to σe (the value at Re),
using the best-fitting relation in Cappellari et al. (2006)
(also done for the literature results later).
3. RESULTS: IMF AND DM FRACTION TRENDS
Our main IMF results are shown in Figure 2. The
two thick black curves correspond to our standard no-
AC-NFW (solid) and AC-NFW (long-dashed) models,
and the suite of alternative models are also plotted, as
labeled.
It is clear that the overall normalization of δIMF is de-
generate with the adopted halo model, as DM can be
traded against stellar mass. This degeneracy is most se-
vere when allowing for uncertainties in the halo response
to baryons (more so than with the virial mass assump-
tions). However, for a given flavor of halo model, there
is always a strong correlation between δIMF and σe (the
δIMF–M⋆ trend is weaker). We quantify this correlation
for each model with a log–log fit, reporting the best-fit
parameters in Table 1 (also plotted in Figure 2 for the
two reference models2); the typical relation is δIMF ∝∼ σe.
Other models of potential interest are low-density DM
cores (Burkert 1995), and alternatives to DM (e.g.,
Milgrom 1983). These would imply similar δIMF–σe
slopes to our limiting no-DM model. The no-DM as-
sumption produces the uppermost curve in Fig. 2, and
is qualitatively consistent with a slightly expanded NFW
model. The same results, using the same dataset, but
somewhat different mass modeling assumptions, have
been anticipated in Tortora et al. (2012).
One could alter these slopes with additional model-
tuning; e.g., with strong-AC at high-σe and halo expan-
sion at low-σe, one could completely flatten out the trend.
On the other hand, decreasing the AC at the high σe and
increasing the strength of the AC toward lower σe would
make the trend even steeper. We currently have no a pri-
ori motivation for either direction for the AC variations,
2 We note that a log–log fit although crude is a good approxi-
mation of the trends in Fig. 2.
thus we cannot argue in favor of a IMF universality for
the former case nor for a very strong IMF non universal-
ity in the latter one.
We next examine the overall IMF normalization, with
the no-AC-NFW and AC-NFW cases bracketing the
most plausible range of models. For reference, we show
δIMF predictions for several standard IMFs (Salpeter,
Kroupa, Chabrier). We note that at a fixed IMF, age,
and metallicity, the Υ⋆ and δIMF values are uniquely pre-
dicted, but the reverse is not true. A given δIMF result
can imply multiple IMF solutions, particularly if one al-
lows for mass-functions more complicated than a pure
power-law.
If we adopt a no-AC-NFW model, a MW-like IMF is
implied for low-σe galaxies, and a Salpeter IMF for high-
σe. For AC-NFW, the low-σe galaxies have sub-MW
IMFs, and the high-σe ones have IMFs intermediate to
Kroupa and Salpeter.
In all cases, extremely bottom-heavy IMFs (assumed
single power-law, α >
∼
2.6) are ruled out, on average. Even
if one assumed no DM, such IMFs would violate the dy-
namical constraints on the overall mass-to-light ratio.
Although resolving the remaining IMF–DM degener-
acy will require more extensive analysis, we carry out
a simple exercise to provide initial clues, inspired by
Dutton et al. (2012b). As in that paper, we select
the galaxies with mean central stellar surface-densities
Σ⋆ > 2500 M⊙ pc
−2, and analyze them the same as the
full sample. The rationale is that such galaxies are the
most star-dominated, and the least sensitive to DM un-
certainties. The results are shown by the gray curves in
Figure 2, where as expected, the model curves are closer
together. The implied δIMF normalization is fairly low –
similar to the full-sample AC results. We may then apply
this IMF result to the full sample if we assume no ad-
ditional systematic δIMF–Σ⋆ correlation (cf. Schulz et al.
2010).
Although this paper is primarily concerned with the
IMF, we briefly examine some implications for the cen-
tral DM content. Our main mass models are, by con-
struction, fully consistent with current expectations for
ΛCDM halo profiles, while also agreeing with the obser-
vations for a plausible IMF range (δIMF ∼ 0.5–2.0).
We show the implied fDM within 1 Re in Figure 3.
We find fairly universal values of fDM ∼ 0.2 and ∼ 0.5
for the no-AC-NFW and AC-NFW models, respectively.
These results are not altered appreciably in the alterna-
tive models explored above. Note also that the high-Σ⋆
test above prefers the AC-NFW model.
The Figure also shows that if we adopted a constant
IMF, then we would infer a strong increase of fDM with
σe. Such behavior has been invoked as the driver for the
“tilt” of the ETG fundamental plane (see Tortora et al.
2009 and references therein), but now with renewed com-
parison to realistic DM halo models, we find that the tilt
is driven in part by the IMF. Put differently, the ob-
served Υdyn–σe relation is too steep to explain through
standard DM models, and requires an additional factor.
4. LITERATURE COMPARISONS
We now compare our SPIDER-based results with an
inventory of other literature results for ETGs in Figure 4
and late-type galaxies in Figure 5.
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Fig. 2.— IMF mismatch-parameter, δIMF = Υ⋆/Υ⋆,MW, vs. velocity dispersion σe, for the SPIDER sample. Top: results for several
different mass models. Horizontal lines show reference values for Salpeter, Kroupa, Chabrier IMFs (top-to-bottom). The best-fitted relations
for the no-AC-NFW and AC-NFW base-models are also shown as thin dark-grey lines. Bottom: residuals relative to the fiducial no-AC-
NFW result, for an expanded series of mass models (see legend at right, explanation in the main text, and reference list for abbreviations).
The overall normalization of δIMF depends on the model assumptions, but a steep relation between δIMF and σe emerges as a robust result.
4.1. Early-type galaxies
We discuss the results for ETGs in Figure 4, starting
with those studies that used similar hybrid approaches,
comparing SPS-mass estimates to total mass using dy-
namics or lensing. Rather than exhaustively comparing
all such results, we will focus on the studies that explic-
itly derived δIMF for large samples of low-z ETGs.
The study most closely related to ours is Dutton et al.
(2012a), who analyzed SDSS data for ETGs (colors and
σ⋆, with SPS+Jeans modeling). Their sample was much
larger but without the Se´rsic models and near-infrared
photometry from SPIDER. Their results for a no-AC-
NFW model are shown as a dotted orange curve in panel
(a), which is reassuringly similar to our no-AC-NFW re-
sult, with the ∼ 30% residual difference in δIMF illus-
trating the level of systematic uncertainties for a fixed
dataset and method. Although a conclusive answer on
the origin of this discrepancy is not available, we have
found that shallower light profiles (as may be equivalent
to the combination of the n = 1 and n = 4 profiles in
Dutton et al. 2012a) produce larger Υ⋆. Finally, the solid
line shows their refined result from a multi-parameter fit:
they find DM halos that are slightly expanded, and con-
sequently a slightly heavier IMF.
In panel (b) we show results from the ATLAS3D survey
of nearby ETGs, using both spectroscopically-based SPS
models and detailed two-dimensional Jeans dynamical
analyses (Cappellari et al. 2012b, where we show their
no-AC-NFW results). As with SPIDER, the ATLAS3D
project found that the overall δIMF normalization was
degenerate to the DM assumptions, but the trend with
σe was robust. Direct comparison in Figure 4 reveals
that these results are consistent with SPIDER within
the errors, which is also the case for an earlier study of
ETGs with SAURON (Cappellari et al. 2006) and for an
analysis of high-z galaxies (Cappellari et al. 2009).
Panel (c) shows results from Thomas et al. (2011)
and Wegner et al. (2012), who carried out spectroscopic
SPS and detailed orbit-modeling of ETGs found in clus-
ters (including Coma), using a variety of mass models
(constant-Υdyn, no-AC-NFW, and cored halos). We see
no systematic difference between the results obtained
with different mass models. A systematic offset in δIMF
between the two studies is found, but overall, the results
are consistent with our no-AC-NFW results, both in am-
plitude and in slope.
Panel (d) shows gravitational lensing results, primarily
from the SLACS survey of ETGs (Treu et al. 2010), us-
ing no-AC-NFW models as well as color-based SPS mod-
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Fig. 3.— Inferred DM fraction within 1Re, vs. σe, for the
SPIDER sample with different modeling assumptions. The solid
and dashed black curves are our default no-AC-NFW and AC-
NFW models. The gray curves are for fixed Chabrier IMF, with
isothermal and constant-Υdyn models, bracketing the range of
non-parametric models (solid and dotted curves, respectively; see
T+12). With standard ΛCDM halos and a variable IMF, fDM is
constant or mildly decreasing with σe; with a fixed IMF, fDM is
strongly increasing (cf. Thomas et al. 2011 figure 16).
els and stellar-dynamics constraints. Their δIMF normal-
ization agrees well overall with ours, but their slope is
somewhat steeper.3
Our results, along with the four hybrid studies from the
literature, all suggest that the IMF of ETGs varies from
MW-like at low σe to Salpeter-like at high σe, modulo
some lingering uncertainties from the DM–IMF degener-
acy.
In addition to the large-sample studies, we exam-
ine a few key single-galaxy results. These include
extended kinematics data with NFW-based modeling
(Napolitano et al. 2009, 2011), as shown in panel (c),
and the “Jackpot” double lens (Sonnenfeld et al. 2012),
in panel (d), and all look consistent with the trend from
SPIDER.
Our culminating comparisons are with a completely
different set of results, based purely on modeling of IMF-
sensitive spectral lines (see Section 1). Most of these
lines are susceptible to degeneracies with elemental abun-
dances (e.g., sodium or calcium), and we consider only
those studies that have directly accounted for such ef-
fects.
We first show in panel (e) the results from CvD12.
They fitted spectral features across a wide wavelength
range, focusing on the IMF indicators Na I, Ca II, and
the Wing–Ford band, while adopting a broken-power-law
IMF form and fitting for the relevant elemental abun-
dances. Their inferred δIMF values turn out to agree
well with both the normalization and the trend versus σe
3 Not all of the analyses of the SLACS data performed by non-
SLACS teams agree about the IMF conclusions. But we note that
our own analysis in Tortora et al. (2010) agrees with the SLACS-
team analysis. Note also that the SPIDER and SLACS samples
are selected on luminosity and velocity dispersion, respectively.
from the SPIDER results (for the no-AC-NFW models
in particular)4. Recalling that the high δIMF values from
hybrid studies could be due to either a bottom-heavy
(extra dwarfs) or a top-heavy (extra remnants) IMF, the
CvD12 results agree with only the first solution.
Note that the apertures probed here are different: Re/8
for CvD12, and 0.3–0.7 Re for SPIDER (decreasing with
σ⋆). The close agreement of the results on average thus
implies that the IMF does not vary spatially on these
scales, or that the AC model is the correct solution, and
δIMF decreases with galactocentric radius, which is plau-
sible (e.g., Carter et al. 1986; see also Fig. 13 of CvD12).
Panel (f) shows results from Smith et al. (2012), who
studied a large sample of Coma-cluster ETGs. They used
the same SPS models as CvD12 to fit near-infrared spec-
troscopic line-indices, analyzing the Wing–Ford band
and the Ca I line separately. The former line was suscep-
tible to uncertainties in the Na abundance, but not the
latter. We have converted their results to inferred δIMF
by straightforward interpolation between the Chabrier,
Salpeter, and α = 3 models in their figure 10. The fi-
nal results are somewhat noisy and uncertain, but im-
ply an overall Salpeter-like normalization, and no obvi-
ous trend with σe. This agrees with all the aforemen-
tioned results at high-σe, but not at low-σe. It is possi-
ble that these Coma-cluster galaxies are genuinely differ-
ent. As environmental classification is part of the SPI-
DER dataset (La Barbera et al. 2010a; La Barbera et al.
2010c; Tortora et al. 2012), we have investigated the im-
pact of environment on our results and found very little
effect on δIMF. But we also have very few cluster galax-
ies in our sample and a definitive comparison with those
Coma-cluster results is not possible.
Spiniello et al. (2012) analyzed NaD, Na I, and TiO2
lines in SDSS spectra of ETGs with σ⋆ > 200 km s
−1,
comparing to the same SPS models as CvD12. They in-
ferred a Salpeter-like IMF at low σ⋆, which is consistent
with SPIDER. At high σ⋆, they inferred α ∼ 3, which
would imply δIMF ∼ 4 and violate the total mass con-
straints both from SPIDER and from the lens galaxy
that these authors also studied. This conflict suggests
either further work is needed on the line-index modeling,
or the IMF shape deviates from a simple power-law.
An ideal comparison with our SPIDER results would
be the work of Ferreras et al. (2012), who analyzed Na I
and TiO line-strengths from the SPIDER parent dataset.
Although they did not provide δIMF values that we could
compare to our results, their illustrative Υ⋆ trends versus
σ⋆ (at fixed metallicity and age) are qualitatively similar.
They also demonstrated that the δIMF inferences in their
approach could depend strongly on the detailed shape
assumed for the IMF.
4.2. Late-type galaxies
It would also be fascinating to see whether or not
bulges/disks follow the same δIMF–σ⋆ trends as ETGs.
Unfortunately, although direct inferences from star
counts are possible in the Milky Way and nearby galax-
ies, the literature in the field is not sufficient to in-
vestigate with accuracy IMF variations with mass or
4 CvD12 compared their Υ⋆ results to total dynamical values
from SAURON in order to check that they did not violate those
constraints. However, they did not compare to decomposed dynam-
ical Υ⋆ inferences for consistency as we do here.
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Thomas et al. (2011, T+11) and Treu et al. (2010, T+10), SPS ones from Conroy & van Dokkum (2012, CvD12) and Smith et al. (2012,
S+12b), and single-galaxy results from Napolitano et al. (2009, N+09), Napolitano et al. (2011, N+11) and Sonnenfeld et al. (2012, S+12c).
In several panels, typical error-bars are shown to the left. The filled CvD12 datapoint is from four galaxies’ stacked spectra. There is
generally good consistency in the inferred IMF trends from the different studies.
σ⋆, if any. However, it appears that a general consen-
sus is arising within the community, which points to
Kroupa/Chabrier type. In general, IMF looks similar
in the field, dense massive clusters and diffuse low den-
sity star-forming regions, with some deviations observed
in a handful of other regions (see Bastian et al. 2010
and Kroupa et al. 2011 for a review of the main results).
Analysis of masses above ∼ 1M⊙ have been performed
in nearby galaxies (for instance the irregular LMC, the
dwarf SMC and the spiral M33), ruling out strong IMF
variations. Similarly, starburst galaxies and their embed-
ded young massive clusters imply no IMF variation and
no influence of the local environment.
Such analyses provide only limited information on a
restricted sample of galaxies. However, in the recent
years, similarly to the ETGs case, studies of variations
with galaxy mass have been accumulating. For exam-
ple, Falco´n-Barroso et al. (2003) found that bulges of spi-
rals showed anti-correlations between σ⋆ and Ca II line-
strengths, similar to ETGs, but they could not determine
if this was an IMF effect.
We have attempted to investigate further, using δIMF
inferences for bulges and disks from the literature (e.g.,
de Blok et al. 2008; F+10; Barnabe` et al. 2012, B+12;
CvD12; D+12c). This comparison is shown in Figure 5.
Using bulges from de Blok et al. (2008) we find that
δIMF correlates with stellar mass, giving hints of an ETG-
like δIMF–σ⋆ correlation, but we also find the same for
the disks, which would be peculiar. Note that initial re-
sults on dynamical masses of nearby spiral disks suggest
δIMF ∼ 1 (Bershady et al. 2011; Westfall et al. 2011).
We show the results for a sample of five massive spiral
galaxies from Dutton et al. (2012c), who found a) stellar
mass carrying out a photometric SPS and b) an inde-
pendent IMF estimate, using strong gravitational lens-
ing and gas kinematics. The apparent scatter for both
bulges and disks is enormous, suggesting more work is
needed to address the systematic errors, and to under-
stand any additional trends with detailed morphology.
However, the IMF normalization is higher in the bulges
than in the disks.
A similar analysis has been performed in B+12 (up-
dating the results in Dutton et al. 2011) where grav-
itational lensing, gas rotation curve and stellar kine-
matics for the lens galaxy SDSS J2141-0001 are used.
They found a δIMF which is fully consistent with an
intermediate-normalization IMF (in between a Salpeter
and a Chabrier IMF), but taking into account the ex-
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Fig. 5.— IMF mismatch-parameter vs. σ⋆, comparing the SPIDER results to various literature studies on spiral galaxies. See legend at
right for the symbols (and legend in Fig. 2 for the curves). Horizontal solid lines show reference values for Salpeter, Kroupa and Chabrier
IMFs, while the dashed one is for the diet-Salpeter from Bell & de Jong (2001).
pected cold gas fraction (which had not been included
in the fitting procedure) they find lower δIMF, agree-
ing with a Chabrier/Kroupa IMF. A bottom-light IMF
is also found by F+10, who analyzed the strong lens-
ing features of the Einstein Cross (Q2237+0305), and
Conroy & van Dokkum (2012) using spectral lines in the
nuclear bulge of M31.
5. DISCUSSION AND CONCLUSIONS
We have analyzed the dynamics and stellar populations
of a large sample of ETGs from the SPIDER project, and
found compelling evidence for heavier IMFs in the central
regions of higher-σ⋆ galaxies. The IMF mismatch rela-
tive to Chabrier is δIMF ∼ 0.5–1.1 at σ⋆ ∼ 125 km s
−1,
and ∼ 1.2–1.8 at at ∼ 250 km s−1. The δIMF–σ⋆ trend
is robust to a wide set of modeling assumptions, and
accounts for much of the tilt in the fundamental plane.
The distribution of DM is degenerate with the overall
IMF normalization and difficult to constrain, and there-
fore we have assumed that any halo contraction is in-
variant with σ⋆. Some ways to break the degeneracy be-
tween IMF and halo contraction are to a) analyze cases
with extended velocity dispersion or X-ray emission pro-
files (e.g., Napolitano et al. 2009, 2011), or b) incorpo-
rate complementary data from strong/weak gravitational
lensing (e.g. Auger et al. 2010). However, we have ar-
gued that the only way to preserve the IMF universality
is to allow for halo contraction at high-σ⋆ and halo ex-
pansion at low-σ⋆.
We have performed the first general inventory of IMF
results from a variety of studies in the literature, using
both pure and hybrid techniques, and found that these
generally agree well with our SPIDER results. There is
remarkably widespread agreement on a Salpeter-like IMF
for massive ETGs (σ⋆ >∼ 200 km s
−1). At lower σ⋆, the
data are still somewhat limited and the different results
have not yet converged, but most of the studies point to
MW-like IMFs. Agreement on a super-Salpeter IMF in
the most massive galaxies (σ⋆ >∼ 275 km s
−1) is also not
yet universal.
These results appear to be fully compatible with under-
lying ΛCDM halos. However, more detailed conclusions
about halo contraction or expansion are still elusive, and
the data on galaxy centers do not clearly rule out alter-
native DM models once the variable IMF is accounted
for.
More work is clearly needed to understand the system-
atics in the different analyses; to build up better statistics
on a wide range of galaxy types, environments, and red-
shifts; and to determine which parameters correlate best
with IMF variations (e.g., metallicity or starburst inten-
sity; CvD12; Smith et al. 2012). It may also be partic-
ularly helpful to venture beyond the centers of galaxies,
using data from a wide baseline in radius to help break
the IMF–DM degeneracies.
It appears we are nearing convergence on determin-
ing what the basic components of galaxies are (distribu-
tions of stars and DM). The next challenge will be to un-
derstand why these arrive at their distributions. What
drives the power-spectrum in cloud fragmentation and
star formation? How do baryonic processes interact with
and re-shape their surrounding DM halos?
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